We describe a transient dual-luciferase assay combined with a glucocorticoid-inducible system for rice protoplasts. Luciferase genes were efficiently induced by adding 0.1 M of dexamethasone to the protoplast suspension, the activity of the luciferases reaching a maximum 6 h after induction. This assay system is applicable to studying the translation efficiency of rice by using the luciferase gene harboring tandem copies of an interesting codon at the 5 0 end.
Transfer RNAs (tRNAs) are post-transcriptionally modified by tRNA modifying enzymes. Such tRNA modifications are found in all living organisms, and improve the fidelity and efficiency of translation by stabilizing the codon-anticodon interaction and maintaining the reading frame.
1) The biochemical role of tRNA modification in translation has been extensively studied with yeast (Saccharomyces cerevisiae) and bacteria. Such studies, however, have rarely been performed on plants, because, to our knowledge, no useful method for evaluating translation efficiency in plant cells has been developed. The translation efficiency in yeast can be evaluated in vivo by a codonspecific reporter assay 2, 3) by which cells are transformed with the reporter construct harboring tandem copies of the codon at the 5 0 end of the reporter gene. The activity of the reporter protein decreases in those cells lacking the tRNA modifying enzyme gene, indicating that the defect in tRNA modification causes a translation error with tandem copies of the codon.
The transformation technique has been successfully applied to both rice (Oryza sativa L.) and Arabidopsis which are respective models for studying monocots and dicots. However, it takes considerable time to obtain transgenic plants, especially in rice (three to six months). Moreover, some rice varieties are known to be difficult for producing regenerated plants, since they show low gene expression and low specific activity of the ferredoxin-nitrite reductase that determines the regeneration ability in rice. 4) In contrast, the transient reporter assay using protoplasts is a powerful tool for rapidly characterizing the subcellular localization and dynamic interactions of proteins. We developed in this present study a transient dual-luciferase assay combined with the glucocorticoid-inducible system. 5) Our assay can be applied to study the translation efficiency in rice.
We used the japonica rice variety, Gimbozu, with which it is difficult to obtain transgenic plants, 4) as the plant material. Protoplasts were prepared according to the protocol of Bart et al. 6) with minor modifications. Stems/sheaths of 14-d-old seedlings were cut into approximately 0.5-mm pieces, and immediately incubated in an enzyme solution (0.6 M mannitol, 10 mM MES at pH 5.7, 1.5% (w/v) cellulase RS, 0.75% (w/v) macerozyme R-10, 0.1% BSA, and 1 mM CaCl 2 ) at 30 C for 4 h while shaking (40 rpm). The enzymetreated pieces were resuspended in a W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES at pH 5.7), and incubated for 1 h while shaking. The protoplasts were passed through a 32-mm nylon mesh and collected by centrifugation at 125 Â g for 10 min. After resuspending in an Mg solution (0.6 M mannitol, 15 mM MgCl 2 , and 4 mM MES at pH 5.7), the protoplasts were gently mixed with an equal amount of a 20% sucrose solution and then collected by centrifugation at 125 Â g for 10 min. After washing with the W5 solution, the protoplasts were resuspended in a fresh W5 solution at a concentration of 2 Â 10 6 cell/mL. The genes encoding the firefly (Photinus pyralis) and the sea pansy (Renilla reniformis) luciferases were subcloned into the XhoI-SpeI site of glucocorticoidinducible vector pTA7002.
5) The resulting plasmid vectors are respectively designated as pTA-LUC and pTA-RLUC, and were introduced into the rice protoplasts (2 Â 10 6 cell/mL) by the PEG-mediated transformation method. 6) After adding dexamethasone (DEX) to induce the expression of luciferase genes, we measured the luciferase activity by using the Dual-Glo luciferase assay (Promega, Madison, WI, USA) according to the manufacturer's instructions. Luminescence was read with a CentroXS3 LB960 microplate luminometer (Berthold Technologies, Bad Wildbad, Germany) at room temperature for 10 s.
We first investigated whether luciferase activity in rice protoplasts would be induced by adding DEX. The protoplasts were transformed with either pTA-LUC or pTA-RLUC, and then the expression of the luciferase genes was induced by adding an excess concentration (higher than 0.1 mM) of DEX. The activities of LUC and RLUC were detected in all protoplasts, and increased in proportion to the amount of each vector plasmid (Fig. 1) . We detected very weak RLUC and LUC activities at background levels in the protoplasts respectively harboring pTA-LUC and pTA-RLUC, irrespective of the amount of the vector plasmid. These background activities were almost negligible when more than 1 mg of the vector plasmids had been used.
Sea pansy luciferase (RLUC) is commonly used in the dual-luciferase reporter assay as an internal control to minimize experimental error. It is known, however, that trans effects between the promoters on co-transfected plasmids potentially affect the reporter gene expression. 7) We therefore mixed pTA-LUC with pTA-RLUC in diverse ratios (w/w), and measured the relative luciferase activity (LUC/RLUC). LUC/RLUC was measurable with all mixing ratios (Fig. 2) . The 2.5:1 mixing ratio showed the highest LUC/RLUC, but it showed the largest experimental error among all mixing ratios. In contrast, the 1:2.5 mixing ratio showed the smallest experimental error, and not so large but measurable LUC/RLUC. Therefore, we conclude that the optimal mixing ratio of pTA-LUC and pTA-RLUC is 1:2.5 in practicing the dual-luciferase reporter assay for rice protoplasts.
To determine the optimal concentration of DEX, we examined the change of LUC/RLUC in response to DEX concentration. We added various final concentrations of DEX to the protoplasts that were transformed with 1 mg of pTA-LUC and 2.5 mg of pTA-RLUC, and measured LUC/RLUC in the protoplasts at 3 h after adding DEX. Although detected even in the absence of DEX, LUC/RULC was too low to use for the dualluciferase reporter assay (Fig. 3A) . LUC/RLUC reached a maximum at 0.1 mM, and then rapidly decreased with the increase of DEX concentration (Fig. 3A) . These results indicate that the optimal concentration of DEX was 0.1 mM for rice protoplasts. Reporter genes were shown to be maximally induced at 1 mM and 10 mM of DEX in tobacco BY-2 cells and Arabidopsis plants, respectively. 3, 8) Taken together with our finding, the sensitivity to DEX is likely to depend on plant species and/or cell type.
We incubated the protoplasts transformed with 1 mg of pTA-LUC and 2.5 mg of pTA-RLUC at 0, 3, 6, 16, and 24 h after adding 0.1 mM of DEX, and investigated the change of LUC/RLUC with the time course after adding DEX. LUC/RLUC became detectable at 3 h after incubation (HAI), and increased with the elongation of incubation time (Fig. 3B) . In yeast, Ctu1-Ctu2 complex Rice protoplasts were transformed with pTA-LUC and pTA-RLUC in diverse ratios (w/w), and the luciferase activity was measured at 3 h after adding 1 mM DEX. Error bars indicate standard errors of the means (n ¼ 3). was found to be involved in the thiolation of tRNAs coding lysine and glutamate.
9) The translation level of KQ-TAP, which was a TAP-tag protein fused with 10 amino acid sequences consisting of lysine and glutamate, was lower in ctu1-ctu2 mutant cells than in wild type cells at 6 HAI. At 14 HAI, however, the ctu1-ctu2 mutant cells showed no significant difference in the translation level of KQ-TAP from the wild type cells. This indicates that translation frequency must be evaluated at early as possible after starting translation. In this study, LUC/RLUC became detectable even at 3 HAI, though highest at 6 HAI, indicating that our assay would be applicable to the study of translation efficiency in rice.
In this study, we successfully developed a transient luciferase assay in combination with DEX-inducible system in rice protoplasts. Using pTA-LUC that harbors tandem copies of codon at the 5 0 end of luciferase gene, we have already analyzed the translation frequency in a rice mutant line, which has lost the function of the homologue of yeast URM1 gene 10) involved in the thiolation of tRNAs (Tsukiyama et al. paper in preparation). A recent study showed that the homologues of tRNA modifying enzyme genes in yeast were conserved also in rice. 11) Given that the mutant lines of these homologues are obtained, our assay will be a powerful tool for elucidating the biological roles of these tRNA modifying enzymes in the translation mechanism in rice.
